In this work, we investigate the role of partonic degrees of freedom in high multiplicity p-Pb collisions at √ sNN = 5.02 TeV, based on the coalescence model for the production of intermediate transverse momentum pT using soft partons from the VISH2+1 hydrodynamics and hard partons from the LBT energy loss model. This coalescence model is further smoothly connected with the hydrodynamic model for the production of low pT hadrons and the jet fragmentation for the production of high pT hadrons to provide a nice description of the pT -spectra of pions, kaons and protons as well as their differential elliptic flows over the pT range from 0 to 6 GeV. We further show that quark coalescence contributions lead to an approximate number of constituent quark scaling of elliptic flows at intermediate pT as observed in experiments. Our result demonstrates the importance of the partonic degrees of freedom and the possible formation of QGP in high multiplicity p+Pb collisions at the LHC.
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1. Introduction. The search for the signals of the quark gluon plasma (QGP) and the study of its properties in relativistic heavy ion collisions have been an active research area during the past twenty years. The combined observations of strong collective flow, the number of constituent quark (NCQ) scaling of elliptic flow (v 2 ) and the quenching of energetic jets have provided strong evidences for the formation of QGP in Au-Au collisions at Relativistic Heavy Ion Collider (RHIC) and Pb-Pb collisions at the Large Hadron Collider (LHC) [1] [2] [3] [4] . For p-Pb collisions at high energies, they were originally aimed to study the cold nuclear matter effects and provide the reference for understanding Pb-Pb collisions at the LHC. However, various striking features of collectivity have been observed in the high-multiplicity events of p-Pb collisions at √ s N N = 5.02 TeV, including the long-range "double ridge" structures in the two-particle correlations with large pseudo-rapidity gap [5] [6] [7] [8] , the changing signs of the 4-particle cumulants [7] [8] [9] and the mass ordering of v 2 of identified hadrons [10, 11] , etc. Such collective behavior in a small system has been quantitatively or semiquantitatively described by hydrodynamic simulations, which transform the initial state fluctuations into final state correlations during the fast expansion of the relativistic fluid [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . On the other hand, the color glass condensate (CGC) [22] [23] [24] [25] [26] [27] and IP-Glasma model [28, 29] can also describe many collective behaviors observed in small systems, providing alternative explanations based on the initial state effects. As to the hard probes, the energy lost by energetic partons can no longer leave obvious signatures to discern the formation of QGP due to the limited size and lifetime of the created matter. The slightly suppressed nuclear modification factors measured in p-Pb collisions at √ s N N = 5.02 TeV are consistent with the expectations of cold nuclear matter effects [30] [31] [32] [33] [34] [35] . It was also found that the modification of the charm and bottom mesons are relatively small in small systems, which are compatible with the nuclear shadowing effects in the Pb nucleus [34] [35] [36] [37] [38] [39] [40] [41] .
Recently, the ALICE collaboration has analyzed the NCQ scaling of v 2 of identified hadrons at intermediate p T in p-Pb collisions at √ s N N = 5.02 TeV [42] , which aims to see whether there is an evidence for the partonic degrees of freedom in small systems. For large systems, such as Au+Au collisions at top RHIC energy, the observed NCQ scaling of v 2 has been successfully explained by the quark coalescence model based on the partonic degrees of freedom [43] [44] [45] [46] [47] [48] [49] . Such feature has generally been considered as an important signature for the QGP. With the NCQ scaling of v 2 measurements becoming available in high energy p-Pb collisions [42] , it is important and urgent to perform the coalescence model calculations to see whether the experimental data is consistent with the presence of partonic degrees of freedom in the produced matter. Such calculations can also help to disentangle the origin of collectivity and probe the possible formation of QGP in small systems. tons obtained from the energy loss model of Linear Boltamann transport (LBT) [51] [52] [53] [54] [55] [56] . We also develop for the present study a hybrid model called Hydro-Coal-Frag, which combines hydrodynamics at low p T , coalescence at intermediate p T and fragmentation at high p T , to simultaneously describe the p T -spectra and differential elliptic flow v 2 (p T ) of pions, kaons and protons in high multiplicity events of p-Pb collisions over the p T range from 0 to 6 GeV. In the coalescence model part of our calculations, mesons and baryons at intermediate p T are produced from the QGP with quark and antiquark phase-space distribution functions f q,q (x, p) by combining quark and anti-quark pairs or combining three (anti-)quarks according to [44] :
and
In the above, g M,B is the statistical factor of forming colorless mesons or baryons of certain spins from colored quarks and antiquarks of spin 1/2 with g π = g K = 1 36 and g N = 1 108 , and W M,B is the Winger function of the meson or baryon obtained from its internal wave function with y i and k i being the relative coordinates and momenta between the constituent quarks in the hadron [44, 57] . Following Ref. [57] , we take into account the quantum nature of quarks by using wave packets. The Winger function in Eq.(1) for a meson in the n-th excited state is then
For the Winger function of a baryon in the n 1 -th and in the n 2 -th excited states in the two relative coordinates is given by
The width parameters σ M , σ B1 and σ B2 are related to the size of formed hadrons [58] . Here, we include the excited meson states up to n = 10 and the excited baryon states up to n 1 + n 2 = 10 in order to describe the measured spectra of pions, kaons and protons at intermediate p T .
As briefly explained above, the phase-space distributions of quarks and antiquarks f q,q (x, p) are taken from the VISH2+1 hydrodynamics [50] for soft partons and from the LBT energy loss model [51] [52] [53] [54] [55] [56] for hard partons. The VISH2+1 hydrodynamics is a 2+1-dimensional viscous hydrodynamic code that simulates the expansion of the QGP fireball on an event-by-event basis. Following Refs. [59, 60] , we use the s95-PCE [61, 62] equation of state (EoS) as the input and start the hydrodynamic simulations with the TRENTo initial condition [63, 64] at the proper time τ 0 = 0.8 fm/c. The specific shear viscosity η/s and bulk viscosity ζ/s used in this model are tuned to fit the p T -spectra and differential elliptic flow of pions, kaons and protons at low p T < 2 GeV. The resulting value for the specific shear viscosity is η/s = 0.03, and the specific bulk viscosity ζ/s has a peak shape near T 0 = 180 MeV [63, 65, 66] with the overall normalization factor (ζ/s) norm = 0.4.
The thermal partons used for the coalescence model calculations are generated from the hadronization hypersurface of the VISH2+1 hydrodynamics at T c = 150 MeV [67] by using the Cooper-Frye formula. The thermal masses of quarks in the distribution functions at 150 MeV are set to m u,d = 0.25 GeV and m s = 0.43 GeV, according to the calculations from the Nambu-Jona-Lasinio model, the Dyson-Schwinger equations and the functional renormalization group approach, etc. [68] [69] [70] [71] . Since the thermal mass of gluons is close to that of quarks near the phase transition, we convert them to quark and anti-quark pairs via gg → qq, with the conversion ratio given by the abundance ratio of u, d and s quarks with thermal masses [72, 73] . Note that these thermal partons, together with the hard partons described below, mainly contribute to the production of hadrons at intermediate p T through the quark coalescence. For soft hadrons at low p T , they are still produced from the hadronization hyper-surface of the hydrodynamically expanding fluid using the standard Cooper-Frye formula. To avoid the double counting of the thermal contribution to soft hadron production, we only allow thermal partons with transverse momenta above p T 1 to take part in the coalescence process, and only count thermal mesons and baryons from the hydrodynamics with transverse momentum below 2p T 1 and 3p T 1 , respectively. Here, p T 1 is a tunable parameter in our model and will be further explained below.
For the distributions of hard partons used in the coalescence model calculations, we first generate the initial partons from PYTHIA8 [74] by using the modified parton distribution functions with nuclear effects as parameterized in Ref. [35] . These partons are then put into the LBT model [51] [52] [53] [54] [55] [56] to simulate their energy loss in the evolving medium described by the VISH2+1 hydrodynamics. More specifically, the LBT describes the elastic and inelastic interactions of jet shower partons with thermal partons in the hydrodynamically evolving medium via solving the linear Boltzmann equations. The only parameter in the LBT is the strong coupling constant α s which we set as α s = 0.15 following Refs. [52, 54] . Here, we only focus on the hard partons after the energy loss with p T > p T 2 , where p T 2 is another tunable parameter in our hybrid model. Since the coalescence model is built on the lowest Fock states in hadron wave functions, only quarks and antiquarks are considered [48, 57] . Following Ref. [57] , we let hard gluons after the energy loss to decay isotropically intopairs with uū and dd pairs having equal decay weight and the ratio of light to strange quarks given by the phase space and the vector nature of gluons. Here, the hard gluons are assumed to have virtuality uniformly distributed between 2m s and m max , where m max is the third tunable parameter in our model.
For remnant hard partons that are left from the coalescence process, they are grouped into strings, which then fragment to hard hadrons using the "hadron standalone mode" of PYTHIA8 [74] . Finally, all produced hadrons, including low p T thermal hadrons from the expanding fluid, intermediate p T hadrons from quark coalescence and hard hadrons from jet fragmentation are fed into the Ultra-relativistic Quantum Molecular Dynamics (UrQMD) model [75, 76] to simulate the subsequent hadronic scatterings and the evolution of the hadroninc matter until kinetic freeze-out.
The above described hybrid model that combines hydrodynamics at low p T , coalescence at intermediate p T and fragmentation at high p T is denoted as Hydro-Coal-Frag in this paper. To show the effects from quark coalescence, we also run comparison calculations that only include low p T hadrons from hydrodynamics and high p T hadrons from jet fragmentation, which is denoted as Hydro-Frag. Note that the parameters in the VISH2+1 hydrodynamics and the LBT have been previously fixed [52, 54, 60] . Therefore, the hybrid Hydro-Coal-Frag model only contains three tunable parameters, which are the momentum cut-off p T 1 for thermal partons, the momentum cut-off p T 2 for hard partons and the maximum virtuality m max of hard gluons as described above. As will be shown later, the use of p T 1 = 1.6 GeV, p T 2 = 2.6 GeV and m max = 1.5 GeV gives a good description of the p T -spectra of pions, kaons and protons as well as the P/π ratio around 2-4 GeV measured in experiments. With these fixed parameters, we further calculate the differential elliptic flow and the related NCQ scaled v 2 of identified hadrons in high multiplicity p-Pb collisions at √ s N N =5.02 TeV. For the comparison calculation using Hydro-Frag, we generate thermal hadrons with p T < 6 GeV from VISH2+1 and hard partons with p T > p T 2 = 2.6 GeV from the LBT model. It is interesting to find that no mater how we tune the related parameters, Hydro-Frag always fails to simultaneously describe the p T spectra and elliptic flows of identified hadrons in high multiplicity p-Pb collisions. This will be further discussed below.
3. Results and discussions. The left window of Fig. 1 shows the p T -spectra of pions, kaons and protons in 0-20% p-Pb collisions at √ s N N = 5.02 TeV calculated from the Hydro-Coal-Frag model in the p T range from 0 to 6 GeV. One can see that the Hydro-Coal-Frag model nicely reproduces the p T -spectra from ALICE [77] as well as the increasing and then decreasing behavior of the resulting proton-to-pion ratio as shown in the inset of left window. In our calculations, hadrons of momenta below 2 GeV and above 4-5 GeV are dominantly produced from the hydrodynamically expanding fluid and jet fragmentation, respectively, as shown in the right window of Fig. 1 .
For hadrons of intermediate p T between 2-4 GeV, they are produced from both quark coalescence and jet fragmentation. The three p T regions are seen to be smoothly connected to provide a nice description of the p T -spectra of pions, kaons and protons from 0 to 6 GeV. [10] , [78] and [79] , respectively. In Fig. 2 , we show the differential elliptic flow v 2 (p T ) of pions, kaons and protons in 0-20% p-Pb collisions at √ s N N = 5.02 TeV from Hydro-Coal-Frag (middle window) and Hydro-Frag (right window) with and without the coalescence contributions, respectively. For clarity, the left window shows the experimental data [10, 78, 79] without theoretical curves. Since the available v 2 (p T ) of kaons and protons from ALICE [10] contains large uncertainties for p T > 2 GeV, we also include the CMS data for K 0 s and Λ in p-Pb collisions at √ s N N =8.16 TeV. At low p T , the v 2 (p T ) of K 0 s and Λ almost overlap with those of K and p from ALICE. Also, the v 2 (p T ) of all charged hadrons from ATLAS almost overlaps with that of pions from ALICE at low p T and with that of kaons from CMS up to p T = 5 GeV. As pointed out in Ref. [49] , the crossing of meson v 2 and baryon v 2 at around 2 GeV is an indication of the transition from the hydrodynamic elliptic flow to the coalescence elliptic flow. In our calculations, the Hydro-Coal-Frag model that combines contributions from the hydrodynamically expanding fluid, quark co-alescence and jet fragmentation at different p T ranges nicely describes the measured v 2 (p T ) of pions, kaons and protons from 0 to 6 GeV. In particular, the mass ordering of v 2 (p T ) of identified hadrons is well reproduced by the hydrodynamic part in our calculations. For p T > 2.5 GeV, the v 2 (p T ) of protons becomes larger than that of pions and kaons, which can be explained by the quark coalescence contributions. In contrast, Hydro-Frag without the quark coalescence process (right window) fails to describe the v 2 (p T ) of identified hadrons from 3-6 GeV no matter how we tune the related parameters. Fig. 3 shows the NCQ scaled elliptic flow v 2 (p T )/n (with n = 2 for mesons and n = 3 for baryons) in 0-20% p-Pb collisions at √ s N N = 5.02 TeV, measured in experiments (left window), calculated from Hydro-Coal-Frag (middle window) and Hydro-Frag (right window). We again include the data from ALICE [10] , CMS [78] and ATLAS [79] as in Fig. 2 . Although the ALICE data has large uncertainties for p T /n larger than 1 GeV, those from CMS and ATLAS measurements show an approx-imate NCQ scaling of v 2 at intermediate p T . With the inclusion of the quark coalescence contributions, results from the Hydro-Coal-Frag also show an approximate scaling behavior between 1.4< p T /n <2.2 GeV, as observed in experiments. This is in contrast to the results from Hydro-Frag without the quark coalescence process, which not only underestimate the magnitude of v 2 (p T )/n, but also violate the NCQ scaling behavior at intermediate p T . Note that the deviation between the calculated v 2 (p T )/n curves from Hydro-Frag and the ones from experimental measurements is at the level of ±50%, which demonstrates the importance of the quark coalescence contribution to the v 2 (p T ) of identified hadrons and the corresponding NCQ scaling at intermediate p T in high multiplicity p-Pb collisions.
4. Summary. In this paper, we have studied the NCQ scaling of elliptic flow v 2 of pions, kaons and protons at intermediate p T in high multiplicity p-Pb collisions at √ s N N = 5.02 TeV, based on the coalescence model calculations using soft thermal partons from the VISH2+1 hydrodynamics and hard partons from the energy loss model LBT. Intermediate p T hadrons from this coalescence model has further been combined with low p T hadrons from the hydrodynamically expanding fluid and high p T hadrons from jet fragmentation, and the resulting Hydro-Coal-Frag hybrid model can simultaneously describe the p T -spectra and differential elliptic flow v 2 (p T ) of identified hadrons over the p T range from 0 to 6 GeV. We have also demonstrated that the inclusion of the quark coalescence contribution to the production of hadrons at intermediate p T is essential for reproducing the measured v 2 (p T ) of these hadrons and their observed NCQ scaling at intermediate p T , which provides a strong indication for the existence of the partonic degrees of freedom and the formation of the QGP in high multiplicity p-Pb collisions at √ s N N = 5.02
TeV.
